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Concentrations of ambient P.M, ^ (particulate matter <2.5 pm in aerodynamic diameter) were 
associated with increased mortality in two prospective cohort studies. In this paper, I assess 
whether the weight of the evidence supports a causal association, 1 assumed the study population 
in each city to have the same exposure; therefore, these arc ecotogic studies because exposure is ar 
the group level. Health outcome and confounding data are ar the individual level. Ambient PM 
concentrations ate inadequate surrogates for personal exposure because they arc at the group level 
and comprise only a small proportion of personal exposure, they change over time, and they con¬ 
stitute only a small proportion of a life span. The strength of association and exposure-response 
relationships cannot be determined because the ecologic group-level risks of PM 2 5 arc overesti¬ 
mated 150- to 500-fold based on an analogy with individual-level exposure to inhaled cigarette 
smoke. Risk estimates may also be high because of confounding from factors such as physical 
activity and lung function. The evidence is not coherent because the stronger associations are 
expected to be with morbidity, but instead are with mortality. For example, PM, 5 was associated 
with mortality but not with measurable reductions in lung function. Biological plausibility is 
lacking because lifetime exposure of rats to combustion products at concentrations two to three 
orders of magnitude higher than air pollution levels cause lung overloading but no consistent 
reduction in survival. Criteria for quantitative risk assessment are not met so the data are not use¬ 
ful for setting air quality standards, The weight of evidence suggests there is no substantive basis 
for concluding that a cause-effect relationship exists between long-term ambient PM 2 ; and 
increased mortality. Key words: air pollution, causality, confounding, ecological fallacy, ecological 
studies, epidemiology, particulate matter, prospective cohort, smoking, statistical association. 
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in 1997, President Clinton approved an 
l -’PA recommendation for a fine particulate 
matter (PM, 5) National Ambient Air 
Quality Standard (NAAQS) of 15 gg/m } . 
Particulate matter less than 2.5 pm in aero¬ 
dynamic diameter has heretofore been regu¬ 
lated indirectly through regulation of PM^q. 
Fine particulates are generally derived from 
high temperature processes such as combus¬ 
tion or metallurgical operations emitting 
vapors, which tend to condense on fine par¬ 
ticulate. Tobacco smoke and atmospheric 
transformation products of SO-,. NO,, and 
organics (including biogenic organics) are 
also mostly in the 0.1-1.0 pm aerodynamic 
diameter range. The chemical composition 
tends to be sulfates, acids, metal salts, and 
carbon. The coarse mode is generally derived 
from resuspension of soil, industrial dusts, 
construction, coa! and oil combustion, and 
ocean spray. Composition tends to be fiyash 
(coal and oil}, metal oxides, CaCOj. NaCl 
(sea salt), pollen, mold spores, and plant 
harts (/), The new standard for PM,, was 
recommended because of the hypothesis that 
fine particles “are a better surrogate for those 
particle components linked to mortality and 


morbidity effects at levels below the current 
[PM 10 ] standards" (2). 

To establish the annual PM, , 
NAAQS, the EPA placed great emphasis 
on two prospective cohort mortality stud¬ 
ies: the Six Cities cohort (3) and the 
American Cancer Society (ACS) cohort 
(4). The Six Cities cohort is composed of a 
random sample of 3,11 1 white subjects 
25-74 years of age at time of enrollment 
living in six U.S. cities (Steubenville, OH; 
5c. Louis, MO; Portage, WI; Topeka, KS; 
Waterton, MA; and Kingston/Harriman, 
TN). Area PM,, air samples were Collect¬ 
ed daily from 1979 to 1985, with the 

mean annual average used as the PM 2 , 
exposure metric. Mortality follow-up was 
14—16 years, with a total of 1,430 deaths. 
The ACS cohort consisted of 295,223 per¬ 
sons recruited by ACS volunteers in the fall 
of 1982. Vital status follow-up was for 7 
years, with a total of 20,765 deaths. Area 
PM, , samples in 50 metropolitan areas 
were collected from 1979 to 1983. 

Study results are prcsenced as the risk 
of mortality (e.g., coral, cardiopulmonary) 
associated with the difference in PM, 5 


annual concentration between the highest 
and lowest polluted cities. For example, in 
the Six Cities study, a 26% increased risk of 
mortality [relacive risk (RR) = 1.26) is asso¬ 
ciated with an exposure difference of 18.6 
pg/irQ PM, ^ (the difference in annual 
PM, 5 between Steubenville, OH and 
Portage, Wl), The results from these two 
cohorts are summarized in Table I. 

A third cohort study, largely ignored by 
regulators, consisted of nearly 4,000 non¬ 
smoking Seventh Day Adventists (SDA). In 
this study, similar in design to the Six Cities 
and ACS coh ort studies, there did uoc 
appear co be an association berween PM, ^ 
and mortality. Practically no mortality results 
were reported from this study, but there was 
extensive reporting on morbidity (5.6). 

The purpose of this review is to assess 
whether the weight of the evidence supports 
a causal association between chronic expo¬ 
sure to fine particulace ait pollution (PM,,) 
and mortality, [t is important to understand 
that the study of air pollution by observa¬ 
tional studies is very difficult for a number 
of reasons, such as the complexity of the air 
mixrure, rhe highly correlated nature of the 
pollutancs. the relatively low exposure range 
and weak strength of association in the pres¬ 
ence of stronger risk factors, the inability co 
completely control for confounders, and the 
lack of individual-level exposure data. These 
considerations suggest epidemiology may be 
at its limits (7), and it may not be possible 
co correctly estimate the long-term jfisk of 
mortality from PM air pollution from epi¬ 
demiology scudies such as these. 

Critique of Studies 

The prospective cohort study (as used in 
the studies reviewed here) is a mixed design 
incorporating both individual-level data 
(such as cause of death, age, sex, smoking 
habits, body mass index, education) and 
group-level data on ambient air pollution 
concentrations. Variables thac describe 
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Table t. Summary of PM 1S 

results from the Six Cities (3) and the American Cancer Society (4) cohort studies 



A PMz.5 

(most vs. least 

Adjusted mortality risk ratios 
(95% confidence intervals} 

Cohort 

Deaths {n) 

polluted city) 

All causes Cardiopulmonary Lung cancer 

Six Cities 
ACS 

1.430 

20,765 

10.6 Mg/m 1 

24.5 pg/m> 

1.26(1.08-1.47) 1/37(1.11-1.68) 1.37(0.81-2.31) 

1.17(1.03-1.26) 1.31 (1.17-1.48) 1.03(0.80-1.33) 


groups of individuals are called ecological, 
or group-level data. These studies analyze 
group-level data because there are no indi¬ 
vidual-level exposure data to any air pollu- 

ranc for any of the subjects in these studies. 

Conceptually, analysis of the data was 
conducted as if the two studies were experi¬ 
mental studies. In brief, differences in mor¬ 
tality (or survival) between groups (Six 
Cities, 50 metropolitan areas) were regressed 
against differences in annual PM 2 5 while 
adjusting for differences in risk factors such 
as age, smoking, body mass index, and edu¬ 
cation. However, these are observational 
studies, not experimental studies. Cohort 
members were not randomly assigned in 
each city, and it is impossible to achieve 
between-cicy similarity in all-imporranc risk 
factors. There is also not enough informa¬ 
tion available on each individual to make 
adequate statistical adjustments for differ¬ 
ences in some risk factors. Thus, it may not 
be possible to reliably estimate the risk asso¬ 
ciated with between-city differences in 
PM 2 . v 

These PM, 5 cohort studies have gener¬ 
ated the hypothesis chat long-term exposure 
to annual PMj j concentrations at or above 
about 15 (Jgfm 3 increases total and car¬ 
diopulmonary mortality. This hypothesis 
will be evaluated to determine if it is sup¬ 
ported by the evidence, and whether the 
associations observed arc likely to be causal. 

This discussion of the scientific evi¬ 
dence will follow a simplified approach 
that is the logical progression from hypoth¬ 
esis to risk assessment: generate hypothesis 
—» test hypothesis and demonstrate 
cause-effect —> risk assessment. 

Testing the hypochesis and establishing 
causality is a process of developing and 
assessing the body of data from individual- 
level epidemiology and experimental studies. 
Each study must be evaluated regarding its 
suitability; for example, are individual-level 
data available for both exposure and 
response, and is chere a lack of significant 
bias such as from confounding? The suitabil¬ 
ity of the individual studies will be integrated 
into the discussion of criteria propounded by 
Hill (S) for determining whether an associa¬ 
tion is causal or merely statistical. 

The questions ofsuicability of the individ¬ 
ual studies and assessment of a causal versus a 
statistical association are discussed below. 


The section on risk assessment will con- 
cludc with a discussion of suggested 
requirements for epidemiological studies in 
estimating risk and in developing air quali¬ 
ty standards. 

Ecologic Study Design 

As mentioned above, the prospective 
cohort study design incorporates individ¬ 
ual-level data on cause of death, potential 
confounders (such as for age, sex, smoking 
habits, body mass index, education), and 
group-level (ecological) data on exposure 
(sulfate and PM, 5 in the ACS cohort; 
total, inhalabie ancl fine PM, sulfates, acidi¬ 
ty, SO,, NO,, and O^ in the Six City 
cohort). The ecological study design is suit¬ 
able for generating a hypothesis, but is gen¬ 
erally not suitable for testing a hypothesis. 
Weaknesses in the study design and the 
need for independent confirmation using 
individual-level data are two reasons that 
caution in interpretation of ecologic study 
results is needed. 

Weakness of Ecologic Study Design 

Ecologic studies arc generally considered 
inferior to individual-level studies because 
I) they are subject to biases not presenr in 
individual-level studies; 2) the biases in 
ecologic studies arc less well understood; 
and 3) the effect of biases on risk estimates 
is unpredictable in ecologic studies. 

For example, Brenner cc al. ( 9) showed 
that while exposure misclassification in 
individual-level studies often biases the risk 
estimate toward the null, exposure misclas¬ 
sification in ecological studies may produce 
extreme overestimates of risk [see also 
Greenland {!0)\. The “ecological fallacy" 
problem is one of falsely inferring that 
associations based on group data apply to 
individuals. That is, there is no way to 
know if the cohort members who died are 
also the Same individuals who had high 
exposure to PM 2 < relative to those who 
did not die. The lack of any information 
on individual-level exposure has led some 
epidemiologists to conclude that one is 
“never justified in interpreting the results 
of ecological analyses in terms of the indi¬ 
viduals who give rise to the data” (/ /). 

Temporality. The only causal criterion 
that must be met is that exposure must pre¬ 
cede disease. For chronic disease with long 


latent periods, exposure must occur years or 
decades before disease. In chese studies it is 
clear that exposure to ambient PM 2 5 began 
at birth, so PM, 5 exposure clearly preceded 
disease. However, the estimates of exposure 
meet neither of the temporal criteria for 
latency or precedence. In the Six Cities 
study, deaths were tabulated for the periods 
between about 1979 and 1991, and PMj < 
data were collected beginning in the late 
1970s. For the ACS cohort, vital status was 
assessed between 1982 and 1989, and fine 
particulace data were collected from 1979 to 
1983. Thus, the exposure in the Six City 
study was concurrent with the responses, in 
the ACS cohort, there was inadequate laten¬ 
cy because the exposure estimates were col¬ 
lected for no more than 3 years before chc 
response for chronic diseases, which takes 
decades to develop. In both cases, the tem¬ 
porality criterion was not met. 

One could argue that estimated expo¬ 
sure is a surrogate for lifetime exposure and 
therefore the temporality criterion is met. 
The following discussion suggests that 
ambient concentration as used in these 
studies is not an adequate surrogate for life¬ 
time exposure. 

Exposure = Concentration X Time. In 
both the Six Cities and ACS cohorts, statis¬ 
tically significant associations were reported 
between mortality (total and cardiopul¬ 
monary) and mean ambient PM, ^ concen¬ 
trations and over the concentration range 
equivalent to the difference between high 
and low polluted cities. Ideally, one would 

like to either measure or estimacc long¬ 
term personal exposure to different air pol¬ 
lutants, i.e., collect individual-level data 
(/2). Measurement of personal exposure as 
a maximum involves wearing a personal 
monitor for many years. Estimation of 
individual-level exposure as a minimum 
might mean keeping a time-activity diary. 
What has been used in these studies as a 
surrogate for exposure is ambient mean 
concentrations of the geographical areas of 
the study subjects. 

The use of mean ambient air concentra¬ 
tion to estimate cumulative long-term expo¬ 
sures in the Six Cities and ACS cohorts is 
adequate only if several criteria are met. 

One criterion is that ambient concen¬ 
trations should be adequate surrogates for 
individual exposure, A single monitor for a 
city population does not provide informa¬ 
tion on personal exposure. In the sixth year 
of the Six Cities study, extensive indoor and 
Outdoor monitoring for respirable size parti¬ 
cles showed thac indoor levels were signifi¬ 
cantly different from outdoor concentra¬ 
tions, and only a fraction of outdoor res¬ 
pirable PM was penetrating indoors. The 
differences were such that people “living in 
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Table 2. Demonstration of ecotogic fallacy in comparisons of individual-level and group-level mortality risk estimates 


Cardiopulmonary 

Total mortality mortality 

Toxicity of PMj S vs. Risk/ Toxicity of PM vs. 

Results Exposure (pg/m 3 l RR Risk/ 20 tig/m 3 tobacco smoke' RR 20 ini/m 3 tobacco smote' 

Group levellecologicali: ~ - 

ambient PM JS 

Six Cities 18.6 1.26 1.28 239 1.37 1.40 339 

ACS 24.5 1.17 1.14 147 1.31 1.25 225 

individual-level (cohort): 

25 pack-year smoker [average far] 

Six Cities I6.7QD 2.00 ROODS 6 - 2.30 1.001 s 

ACS _ 16,700 2337_ 1.0003 a _-_ 2.28 1,003'> _ 

Abbreviations: RR, relative risk. PM 1V particulate matter <2.5 pm in aerodynamic diameter: ACS, American Cancer Society. See Appendix A for furtber calculations. 

'Toxicity of PMjj tobacco imnkr dibits* *sli/nat« of gfOup*l«v«l <GU PM Z j risk ptr 1 jjg/m 3 (> group-lev*) coeflicionj) or (3 0L by estimatt of individual-lever {IU tobacco smoke risk par 1 jjg/m 3 tar |or <jf 

(WV |!flr uting total martsliryin the Six Cities study: p CL ■ Irt RR 1.26/56 6 yfl/nr 3 * group-level [i coefficient for PM IS and total mortality ^ the Six Cme* study: * In RR 2.30/16.708 ug/m J « mdividuaMevel 

li coefficient lor cigarette smoke; * ZM. 

If PM 21 vrar« as toxic a» tobaCCP smoke, what would RR be’ To astiroato [J coefficient for tobacco smoke |0 a }, multiply by PM^ exposure difference between high and law polluted cities, and calculate flfl. For example 
r (l!^ « 18 6 ug/m 3 ! •! 0008 (or total mortaltty in the Six Cities study. 


a ‘clean' city, as defined by ambient levels, 
may be exposed to levels comparable or 
higher than those of people living in a ‘pol¬ 
luted - area due to indoor air pollution lev¬ 
els. In this way subjects [in the Six Cities 
cohorc] may be misclassiPted as to expo¬ 
sure,'' and bias the results because it is not 
known whether those who died were also- 
exposed to higher levels of PM, ^ 113). 

In one of the Six Cities (Kingston/ 
Hardman), personal exposures were higher, 
had a greater variance than outdoor con¬ 
centrations, and were uncorrelaccd wirh 
outdoor concentrations (14). 

Data from other cities also show that 
outdoor concentrations are poor surrogates 
for personal exposure. Ozkaynak er al. ( 15) 
concluded that outdoor sources in 
Riverside, California. coilTcT only explain 
about 16% of the variance in personal 
exposure; thus, it “dots nor seem possible to 
use outdoor measurements alone to reliably 
predict personal exposure to PM^." Mage 
and Buckley (16), in a review of the rela¬ 
tionship between personal PM and ambienr 
PM. concluded that variations in ambient 
PM “may have small influence" on individ¬ 
ual personal exposure. Further, this lack of 
correlation has “significant implications" 
for “an ecological relation... in a communi¬ 
ty (time-series) or between communities 
(prospective)" (16). Brown er al. (17) 

reported undetectable to weak or marginal 
associations between personal exposure and 
outdoor concentrations of PM^ and PM, ^ 
in four U.S. cities, and scudy subjects in 
rwo of the cities (Nashville and Boston) had 
moderate to severe chronic obstructive pul¬ 
monary disease. These authors concluded 
char rhe inability to reliably predict personal 
exposures based on outdoor concentrations 
is inconsistent with a causal association. 

Ambient PM as surrogate for total PM 
exposure (EPA argument). Average ambient 


PM, s concentration was used as one of the 
indices of “exposure to combustion source 
ambient particulate air pollution” (4). The 
EPA ( IS) suggested that ambient PM is an 
appropriate surrogate, that it adequately 
characterizes personal exposure to ambient 
PM, that there is a clear “relationship 
between health outcomes and ambient PM 
concentrajttDns," and. therefore, it is “rea¬ 
sonable to presume that reduction in ambi¬ 
ent PM will help to protect the public from 
adverse health effects associated with per¬ 
sona! exposure ro ambient PM,” 

The IP A (IS) argued that nonambient 
PM exposures vary independently of ambient 
PM. Ambient PM is "expected ro be a ma(or 
portion of rhe ambient PM measured in a per¬ 
son’s residential area" and is expected to be a 
major portion of personal exposure. Thus, 
nonambient PM “would probably not be a 
confbunder in epidemiology studies” bur could 
be an independent risk factor (IS). Because 
ambient PM is not correlated with nonambient 
PM, “epidemiological studies relating health 
outcomes to ambient PM would not provide 
any information about the health effects that 
may be caused by [nonambientj PM" (IS). 
The only salient factors then, arc that “there is 
a relationship between health outcomes and 
ambienr I’M.” and there is a relationship 
between “ambient PM... and personal or popu¬ 
lation exposure to ambient PM" ( 13). 

There arc two crucial assumptions in 
this argument: one is that ambient PM 
must constitute a major proportion of total 
PM exposure, and the second is that there 
is a constant proportionality between ambi¬ 
ent arid personal exposure ro PM. While 
these assumptions may be met for non- 
smokers living in residences without major 
indoor PM sources, they are not met for a 
large proportion of the rest of the popula¬ 
tion, in particular, the populations studied 
in the ACS and Six Cities cohorts. 


Table 3. Statistics Irom stepwise regressions iden¬ 
tifying significant independent variables in pre¬ 
dicting the dependent variable personal exposure 

Level R 2 Independent variables 

1 <1% Ambient PM 

2 15% Ambient PM t cigarette smoke 

3 17% Level 2 +time at dome, time at work. 

time traveling, time in public, other time 

4 51% Level 3 + indoor PM 

Data Item Spangler et al. 1 14 1. 

The basis for these conclusions can be 
derived from rhe argument developed by the 
F.PA (/5D and outlined below [comments in 
brackets have been added by the author): 

1. Personal exposure to total PM is a criti¬ 
cal parameter when analyzing individual 
healrh outcomes. [To use group-level 
exposure data in place of individual-level 
data can produce biased results charac¬ 
teristic of the ecologic fallacy. Also, see 
Table 2.) 

2. Ambient PM is a surrogate for personal 
total PM exposure and therefore is a sec¬ 
ondary surrogate for PM dose. 

3- Ambient PM is a suitable surrogate to 
personal exposure “if ambient concentra¬ 
tion was also linearly related to the per¬ 
sonal exposure." However, treating ambi¬ 
ent PM as a “surrogate for total exposure 
to PM trom all sources... would be 
wrong. [The EPA also argues that ambi¬ 
ent PM and nonambient PM vary inde¬ 
pendently. in which case the relationship 
cannot be linear. Thus, the concepts of 
independence and linearity of ambient 
and nonambient PM are incompatible.] 

4. Personal exposure co PM of ambient ori¬ 
gin is a poor surrogate for total personal 
PM exposure (ambienr PM + indoor 
PM) “for those people whose personal 
exposures arc dominated by indoor (resi¬ 
dential and occupational) sources such as 
environmental tobacco smoke (ETS). 
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ETS adds on [he order of 25—45 pg/m 3 
co 24-hr average personal exposures and 
residential environments where smoking 
takes place. 

Spengler ct at. (14) compared per¬ 
sonal exposure measurements to simulta¬ 
neously collected home and outdoor con¬ 
centrations of respirable particulates in 

--^-Kingston, one of the towns included in 
the Six Cities study. Step-wise regression 
models were evaluated to identify signifi¬ 
cant predictors of personal exposure. The 
square of the multiple correlation coeffi¬ 
cient {/?) was used to evaluate predictive 
power. values can range from 0 % to 
100 %, and the larger rhe /?, the greater 
the predictive value. For example, in the 
Level 1 model (see Table 3). ambient PM 
* alone explained < 1 % of the variance in 
personal exposure, so this model had “no 
predictive power." Three additional pre¬ 
dictive models (Levels 2 through 4) were 
analyzed. By adding more independent 
variables, the I? values increased. 

indoor PM aione explained 47% of 
the variance of personal exposure overall. 
The predictive power ot tlte fourth-level 
model varied with different subgroups in 
the population (i.e., 20 % for employed 
subjects from nonsmoking households to 
84% for nonemployed subjects from non¬ 
smoking households). Spengler ct ai. ( 14 
concluded that “misclassification and mis- 
associarion of exposures...are likely to 
result...[when) relying upon ambient com¬ 
munity-based particle measurements.” 

Smokers arc usually excluded in 
these assessments, and personal monitors 
do not measure directly inhaled main¬ 
stream tobacco smoke. Thus, nonsmok- 
ers comprise essentially the only group 
for which correlations of ambient/per¬ 
sonal exposure have been assessed ( 19 ). 
For many nonsmokers, ambient PM 
comprises only a small proportion of 
personal PM exposure, thus the first 
critical assumption is not met. 

5- For a smoker, ambient PM concentra¬ 
tion is an even poorer surrogate for per¬ 
sonal exposure because the several mil¬ 
ligram amounts of directly inhaled ciga- 
rerte smoke by an average smoker “can 
be two to three orders of magnitude 
greater" than the microgram amounts of 
ETS that the personal moniror capcures 
(19). The personal exposure of “dusty- 
trade workers can also be several orders 
of magnitude greater than their exposure 
to indoor particles of ambient origin” 
(19). The “inhalation of mainstream 
tobacco smoke will be a major additive 
exposure to PM for the smokers, which 
dwarfs the nonsmokers" personal expo¬ 
sure monitor PM exposure (19). A 


major proportion of the US. population 
(e.g., smokers) has a total exposure to 
PM chat is at least “one order of magni¬ 
tude greater" than chat of the norssmok- 
ers (19). [Thus, ambient PM comprises 
a negligible fraction of total personal 
exposure to PM and is not linear when 
nonsmokers, exposed nonsmokers, and 
smokers are considered.) 

6 . If the variance of personal PM exposures, 
which is uncorrelated to ambient PM 
(c.g.. from indoor sources, traffic, occu¬ 
pational, ETS) among nonsmokers, is 
very large, the percentage of the variance 
of personal PM that can be explained by 
the variance in ambient PM will be very 
small (19). [This is the case in most of 
the studies cited by the EPA (19) in their 
Table 7-26. When personal exposure to 
mainstream tobacco PM is taken into 
account, ambient PM explains even less. 
InKslarion of mainstream tobacco smoke 
ourweighs the sum of all other indoor 
and outdoor PM exposures and “may 
have an important implication for inter¬ 
pretation of epidemiology studies that 
relace ambient PM...to mortality or mor¬ 
bidity" ( /P)). Ambient PM is a surrogate 
for personal exposure to ambient PM, 
but because ambient PM comprises a 
variable, and olren quite small, propor¬ 
tion of rotal personal exposure [o PM, it 
“would he wrong" to treat ambient PM 
as a surrogate for total personal exposure 
to PM (19). [To consider ambient PM 
without considering personal exposure to 
PM is also wrong.j 

In sum, total persona! exposures to 
PM 2.5 are critical in assessing the associa¬ 
tion of PM exposure and mortality and 
morbidity. If ambient PM, 5 is a surrogate 
for total persona! exposure [as argued by 
the EPA (19)]. then ambient PM, 5 should 
be linearly related to persona! exposure and 
not be “dwarfed” by nonambient sources of 
PMj^. Because neither of these assump¬ 
tions is satisfied for a “large proportion of 
rhe population," ambient PM is not an 
adequate surrogate exposure variable. 

Lifetime estimates of exposure. Another 
criterion necessary for valid use of ambient 
Concentrations as long-term estimaces of 
cumulative exposure is that ambient concen¬ 
trations muse have remained relatively con- 
Sttnt/or.several decades. Outdoor concentra¬ 
tions in the Six Cities and ACS cohorts are 
available for only a few years. During the life¬ 
time of cohort members, ambient concentra¬ 
tions were changing and were probably high¬ 
er in the past than recently. For example. In 
the ACS cohort, the 1979-1983 ambient 
concentrations were considered representative 
of long-term cumulative exposure, but they 


are unlikely to be representative of dirtier 
cities for even the previous decade, when 
there was extensive cleanup. The total sus¬ 
pended particulate (TSP) was reduced by a 
factor of two in New York City, for example 
(19). Darlington et ai. (20) reported that 
there were significant reductions in PM |0 
from 1988 through 1995. Nationwide, the 
weighted annual mattuge was reduced about 
24% (34 pg/m 3 co 2(Tpg(m 3 ). In nonattain- 
ment areas, “the 7-year reduction was abour 
25%, compared to about 20 % in attainment 
areas. The average reduction in the anthro¬ 
pogenic portion of PM ]0 (primarily PM,J is 
between 27% and 33%. The effect of an 
underestimate of exposure concentration is to 
spuriously inflate the risk estimate. 

Geographic mobility. A third crirerion 
is that account should be taken of both 
long-term and short-term geographic 
mobility. Long-term mobility refers to 
moves of residence or workplace to differ¬ 
ent cities. Short-term mobility refers to 
working at a location different from one's 
residence for each working day, and not 
working on weekends (12). Geographic 
mobility has been addressed in the SDA 
cohort by interpolating monthly monitor 
data to the zip codes of the home and work 
locations (5,6). 

A related criterion is that exposure esti¬ 
mates should include a significant portion 
of each individual's life span. This is not 
the case because of the limited time period 
when PM, , was sampled. The ambienc 
PM,, concentrations were only measured 
for 6—9 years in the Six Cities study and 4 
years in the ACS study. For a person 74 
years old at entry into the Six Cities cohorc 
who died the first year of follow-up. ambi¬ 
ent PM, 5 concentrations would be for 2 
years (1977-1979) or 2.5% of lifetime, 
and part of the association would be for 
exposures occurring after death. For a per¬ 
son 25 years old at entry who died at the 
end of follow-up (age = 40 years^, ambient 
PM, 5 concentrations would be available 
for fb years (25% of lifetime). In the ACS 
cohort, the cumulative exposure is only 
available for the years 1979-1983 and fol¬ 
low-up is for September 1982-December 
1989. The minimum and maximum frac¬ 
tion of lifetime for which ambient concen¬ 
trations are available are less than 1.4% (for 
a 74-year-old at entry who died in 1982) 
and 1 1% (for a 30-year-old at entry who 
died in 1989 at end of follow-up). 

Finally, account should be taken of dif¬ 
fering individual lifestyles, such as rime 
spent outdoors. This problem has been 
addressed in the SDA Cohort by adjusting 
ambient mean concentrations to reflect 
time spent indoors and In transit according 
to indoor penetration factors (12). 
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Summary. In summary, the Si* Cities 
and ACS prospective cohort scudies are 
unable to evaluate the effects of long-term 
exposure on mortality because 1 ) ambient 
concentrations were not measured long 
enough before death to meet the temporality 
criterion for causality; 2) ambient PM is only 
a small proportion of total PM exposure for 
the majority of the population and will 
therefore be overwhelmed by effects of total 
PM exposure; 3) ambient PM concentra¬ 
tions have declined for the last several 
decades; 4) lifetime residences are not 
known; and 5) there are no available esti¬ 
mates of long-term cumulative exposure as 
ambient concentrations are available for only 
a fraction of a lifetime (range of <2%-25%). 

The group-level estimates of PM 2 _ 5 expo¬ 
sure compared to lifetime cumulative expo¬ 
sure to tobacco smoke in the Six Cities and 
ACS cohorts show a marked difference in 
both the adequacy of the exposure estimates 
and in the estimated toxicity of PM 15 . The 
(concentration X time) exposure metric for 
tobacco smoke is in pack-years. In both the 
Six Cities and ACS cohorts, the risk ratios 
(RR) for smokers were estimated for a 25 
pack-year smoker. These data will be used to 
test the PM 2 . hypothesis by comparing esti¬ 
mated risk of ambient PM 2 5 air pollution 
with that of tobacco smoke. 

Lack of Consistency and 
Demonstration of Ecologic 
Fallacy 

To verify findings based on the ecologic 
study design, individual-level exposure data 
in studies relatively free of bias are needed 
(9,11,21,22). Such a comparison of individ¬ 
ual-level study results was implied in Hill's 
(5) consistency criterion for causality and 
demonstrated in the consistent associations 
from over 30 individuai-leve! cohort and 
case-control studies of mortality and smok¬ 
ing in the 1964 Surgeon General’s report on 
smoking (23). Individual-level studies rela¬ 
tively free of bias will be the standard used 
to evaluate the validity of the PM 2; group- 
level risk estimates. Such a reference stan¬ 
dard should meet several requirements: 

• tndividual-level data should be available 
for both exposure and mortality. It is 
helpful that both are available for smokers 
in the Six Cities and ACS cohorts. 

• A causal association should be well estab¬ 
lished. 

• Fine particulate matter from combustion 
is a relevant type of PM, as it is consid¬ 
ered among the most toxic components 
of PM, ^ air pollution. 

Tobacco Analogy 

Studies of mortality and tobacco smoking 


meet the above requirements and provide 
an appropriate standard for confirmation 
or invalidation of che group-level PM 2 ^ 

risk estimates. 

Individual-level estimates of risk. 
Individual-level risk estimates of the associ¬ 
ation between mortality (both cotal and 
cardiopulmonary) and cigarette smoke are 
available from both the Six Cities and ACS 
cohorts. 

Individual-level exposure to fine PM 
from smoking a cigarette can be estimated 
based on the following reasoning. 

In 1957 the average tar content was 35 
mg/cigarette ( 24 ). Tar concent is defined 
by the Federal Trade Commission (FTC) 
as the total particulate in mainstream 
smoke minus water and nicotine and is 
determined by smoking cigarettes under 
standard conditions in a smoking machine. 
The typical smoker in 1980 smoked 32 

cigarettes/day and inhaled 443 mg tar/day 
(14 mg/cigarctce x 32 cigarettes/day) (25). 
At 18 m 3 air breathed per day, che equiva¬ 
lent average ambient PM 2 5 concentration 
was 24,900 pg/m 3 . (A rime-weighted aver¬ 
age 24-hr mean concentration is also an 
average long-term exposure of a smoker 
compared to nonsmoker and is analogous 
to the difference in annual ambient PM 25 
concentrations between the most polluced 
city versus the least polluted city,| In 1986, 
about 47% of smokers bought high-tar cig¬ 
arettes (>! 5 mg) and <3% bought very 
low-car cigarettes (<3 mg). 

Analysis of tar content is usually based 
on results from machine smokers, which 
may underestimate tar content. For exam¬ 
ple, the FTC method smokes at one 
puff/minutc, while the average smoker 
inhales about two pufFs/minutc (26). 

The range of tar in cigarectes is quite 
wide, from a low of about 0.5 mg ro above 
35 mg. For comparison of group and indi¬ 
vidual-level risks, smoker exposures to ciga¬ 
rettes containing 0.5 mg and 15 mg were 
selected for illustrative purposes to provide 
a range of estimates of exposure. The low- 
tar cigarette provides che most conservative 
estimate because it is smoked by only a 
small proportion of smokers and has been 
marketed for a relatively short time. Ac the 
approximate midpoint of che Six Cities 
study update, the average tar content might 
have been about 15 mg/cigarette or higher. 
Using a 15-mg car cigarette as an average 
for illustrative purposes underestimates 
average exposure and is also a conservative 
approach to illustrating the differences 
between group-level and individual-level 
estimates of risk. In the examples in this 
report, 20 cigarettes/day will be used 
because RRs in the Six Cicies cohort were 
for a smoker with 25 years of smoking 20 


cigarettes/day (and 25 pack-years in the 
ACS cohort) compared to a nonsmoker. 

[Smokers who switch to lower lor higher) 

tar cigarettes tend to cake in somewhat less 
(or more) PM, but less (or more) than 
expected because of compensation (27).] 

Tobacco smoke contains fine combus¬ 
tion particulate. Ambient PM, ^ is consid¬ 
ered a combustion source parriculare air 
pollutant, and combustion source particu¬ 
lates are considered Important contributors 
to early mortality (4). 

Cigarette smoke PM is also a combus¬ 
tion product and is a fine particulate of res¬ 
pirable size, much of it of submicron size. 
Particle sizes reported in the literature range 
from 0.25 to 0.7 pm by mass median aero- '■ 
dynamic diameter and from 0.15 ta GIJJ5 
pm by count. Virtually 100% of smoke par¬ 
ticles are in the respirable range (25). 

Mortality is well characterized. The 
risk of mortality from tobacco smoke is 
well characterized in dozens of individual- 
level studies as summarized in the Surgeon 
General’s reports on smoking (23,26), and 
the causal association between smoking 
and a number of diseases is generally 
accepted. 

Demonstration of Ecologic Fallacy 
Because a “gold-standard" (individual-level 
epidemiology scudies of smokers) is avail¬ 
able, we can now address the question: Arc 
group-level risk estimates of PM, 5 toxicity 
from the Six Cicies and ACS cohorts com¬ 
parable to individual-level risk estimates of 
PM, ^ from cigarette smoke for total and 
cardiopulmonary deaths? 

The relative risks of total mortality for 
25 pack-year smokers and an annual esti¬ 
mated exposure of approximately 16,700 
pg/m 3 is 2.00 and 2.07 in che Six Cities 
and ACS studies, respectively. For car¬ 
diopulmonary mortality the RR are 2.30 
and 2.28, respectively. These risks arc 
based on individual-level exposure daca and 
should be considered the reference value. 
Group-level estimates of risk for total mor¬ 
tality in che Six Cities and ACS cohorts are 
1.26 and 1.17, respectively, for an estimat¬ 
ed PM 25 exposure of about 20 pg/m 3 . For 
cardiopulmonary mortality the group-level 
RR are 1.37 and 1.31, respectively. 

Group-level estimates of risk suggest char 
PM 25 is about !50->300 cimes more toxic 
than individual-level estimates of tobacco 
smoke toxicity. If PM, 5 were as toxic as 
tobacco smoke, che effect of a 20 pg/m 3 dif¬ 
ference in PM, , exposure would be coo 
small to measure (Table 2; see also Appendix 
t for further discussion of these calculations). 

The individual-level risks of exposure to 
various pack-years of smoke (currenc smoker, 
former, ever smoker) were also tabulated in 
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ilic Six Cities and ACS cohort studies and 
•ire compared tn estimated grmip-lc-ve! risks 
nl'amhiem I’M, , {Fig. I and 2). The overes¬ 
timates of group-level risks are clearly seen, 
especially in the ACS study where never 
smokers have a slightly higher risk than ever 
smokers although ever smokers have an 
added burden of nearly 20.000 pg/m' tobac¬ 
co smoke exposure (Fig. 2). 

These data suggest that the true risk of 
mortality from I’M, , air pollution is 
-K<d)|losvn and probably unmeasurable. The 
estimated group-level risks of 1.17-1.40 are 
small but are not negligible, as expected if 
I'M,, were as toxic as mainstream tobacco 
smoke. Nevertheless, they are implausibly 
large compared to the smoking risk estimate 
of 2.0-2.3, considering that smokers are 
exposed to a presumably more toxic partic¬ 
ulate at concentrations over three orders of 
magnitude higher. 

The group-level I’M , , risk estimates 
from the .Six Cities and AO cohorts are so 
. much larger than the reference values that the 
hypothesis is nor confirmed. the test for Con¬ 
sistency is not met, and the I’M,, risk esri- 
m.ires from group-level data are invalidated. 
II l’\!, , were as toxic as tobacco smoke, the 
differences in exposure between cities would 
he too small to measure effects on mortality. 
I’M , , could be more toxic than tobacco 
smoke, but there is no evidence for this and it 
seems unlikely. 

Interrelationships of Strength 
of Association, 
Exposure-Response, and 
Confounding 

I hc presence of a strong association anti a 
biological gradient (exposure-response: H-R) 
are supportive of a causal association. A weak 
association is one in which the ratio of the 
frequency of mortality between high and lose 
exjioscd groups is small in magnitude. A risk 
ratio of about 1.50 (i.e., 50% increase) is a 
weak association In the .Six Cities and 

ACS cohorts, differences between cities of 20 
pg/m ! were associated with 28% and 14% 
increases in total mortality, respectively. This 
20 -pg/m' difference In concentration 
between high and low polluted cities is about 
11.1% of I’M,, exposure experienced by an 
average smoker. Although the group-level 
estimates suggest that I’M,, may be several 
orders ot magnitude more toxic than tobacco 
smoke, the exposure range is still too narrow 
to reliably measure an effect, even at a high 
level of toxicity. 

For an association to be reliable, it must 
•‘bo be relatively free of confounding. If con¬ 
founding is present, particularly when the 
association is weak, then the true E-R associ¬ 
ation may he indeterminable. The weaker an 
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Figure 1. Six Cities study: total and cardiopulmonary mortality rate ratios (individual-level versus group- 
level estimates). Tobacco smoke PM 25 is from 15 mg tar/cigaratte with 20 pack-years for former smokers 
and 25 pack-years for current smokers. Error bars indicate 95% confidence intervals. 
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Figure 2. ACS cohort: total and cardiopulmonary mortality rata ratios (individual-level versus group-lavel 
estimates). Tobacco smoke PM 2 g is from 15 mg tar/cigarette with 29.8 pack-years for ever smokers. Error 
bars indicate 95% confidence intervals. 

study population. Major risk factors associ¬ 
ated with increased mortality should be sim¬ 
ilar among all study subjects and. if not, 
they should he adjusted for in the analysis. 
I he analyses are similar to an experimental 
study in which ail exposure groups {or 
cohorts in each city) are considered identical 
except for exposure to particulate matter. 

Thus, confbundcrs in the cohort study 
are often different than in the time-series 
studies where the changing mortality is corre¬ 
lated with changes in PM in a constant study 
population. Important potential confounders 
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association, the more likely it is that bias, 
confounding, or inappropriate analysis may 
explain the association, and the greater the 
need for a Thorough understanding of the 
underlying biological mechanisms tM. 

Confounding 

Confounding in rhesc studies can occur 
because of initial differences in major risk 
factors between the cohorts in each city. In 
the cohort study the mortality in different 
study populations is compared and the dif¬ 
ferences correlated with average PM of each 
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Figure 3. Relative mortality in the Six Cities study versus deviations of 
FEV, from expected FEV,. (A) Females (r* •0381. (S) Males fr = -0.87), 
|C) Mates and females (r= -0.741. Abbreviations: FEV,. forced expiratory 
volume in I sec; RR, risk ratio; H, Harriman, TN; C SL Louis, MO; P, 
Portage, Wl; S, Steubenville, 0 H; T, Topeka, KS, W, Watertor, MA. 
Deviation estimated from Xu et al. IJ5). 
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in the time-series studies include weather 
(and factors that vary with PM). Important 
potential confounders in the cohort studies 
•re differences in the distribution of risk fac- 
irs among the cohorts in each city, such as 
diet, socioeconomic status (SES), lung func¬ 
tion, physical activity, blood pressure, etc. 

The objective that cohort members 
from each city be essentially rhe Same for all 
important risk factors except for ambient 
PMj $ is not achieved, so there is confound¬ 
ing. Two examples are discussed below. 

Lung function. One example of con¬ 
founding is lung function, specifically forced 

expiratory volume in 1 sec (FEV,), Reduced 
FEVj is a risk factor for cotal. respiratory, 
and cardiovascular mortality, even among 
nonsmokers. In an ! 8 -year prospective study 
of nonsmokers, the RRs associated with a 1 - 
liter decrease in FEV, were 1.52, 4.16, and 
1.49, respectively, and FEVj was a stronger 
predictor of mortality chan body mass index 
or plasma cholesterol (31). In a 30-year fol¬ 
low-up of men in Boston, Massachusetts, a 
reduction of 1 liter in FEV, was associated 
with a 70% increase in total mortality and 
was a more significant risk factor than cur¬ 
rent smoking, total cholesterol, blood pres¬ 
sure, or body mass index (32). 

FEV, varies by smoking category and 
by sex between cities in the Six Cities 
study. Nevertheless, the between-city dif- 
erences in FEV, are not due to differences 
I i PM 2 5 pollution. For example, the 
adjusted differences between nonsmokers 
in Steubenville and Portage is 0.18 liters 


(33). For ex-smokers, the differences in 
FEV! for males and females arc 0.115 and 
0.160, respectively, and for a smoker of a 
pack per day or more are 0.112 and 0.145 
liter, respectively [estimated from data of 
Ferris et al. (34)]. Figure 3 graphically dis¬ 
plays the potential effect of differences in 
FEV, between cohort members in rhe Six 

Cities study. These arc not precise esti¬ 
mates because the distribution of smokers 
in each city was nor available, so it was nec¬ 
essary to assume the same distriburion of 
smokers in each city (35). These results 
indicate that lung function is a probable 
confo under. 

Sedentary living. Another example of 
unadjusted confounding is sedentary living. 
Lack of exercise is an independent risk factor 
for mortality. The population attributable 
risk (PAR) Is 13% for sedentary living (36). 

Lipfert (37) evaluated mortality risk as a 

function of sedentary lifestyle in five of the 

six cities and showed that it alone appeared 
co be as good a predictor of mortality as 
PM 2; . In a similar analysis, Lipfert (37) 
plotted age and. race-adjusted mortality ver¬ 
sus PM , 5 for areas that roughly corre¬ 
sponded co the 50 locations in the ACS 
study. By adding additional nonpollucant 
confounding variables (smoking, education, 
overweight, erhnicity, water hardness, 

sedentary lifestyle, poverty, migration) the 
E-R slope was reduced considerably, 
Because sedentary lifestyle was not adjusted 
for in either study, it could possibly be the 
cause of the apparent E-R trends for PM 2 5 . 


Other considerations. It is important to 
note that information on potential con¬ 
founding variables in the Six Cities and ACS 
cohorts included only age, sex, race, smok¬ 
ing, education, overweight, exposure co pas¬ 
sive smoke, and alcohol; in the ACS study, 
occupational exposure was also included. 
Adjustment may be inadequate for some of 
these. For example, nonlinear inscead of lin¬ 
ear relationships may be more appropriate 
For weight and alcohol; education is not a 
good surrogate for SES of women, etc. The 
EPA (79) also indicated that spatial con¬ 
founding from unadjusted confounders, as 
well as linear modeling for nonlinear effects, 
has resulted in overestimates of risk. 

Lipferc (37) Concluded chat the differ¬ 
ences in mortality between cities ^ire. in 
part, dependent on the number of possible 
confounders in the model. Thus, che asso¬ 
ciations in the six cities and ACS cohort 
studies may be due to the lack of adjust¬ 
ment for imporranc confounding variables 
and not due to PM, 5 . The adjustments by 
Lipferr (37) are based on group-level data; 
however, the lung function data from rhe 
Six Cicies cohort are individual-level data. 

There may be other more appropriate 
ways to assess strength of association and 
causality. A single outcome, such as mortali¬ 
ty, has multiple causes that relace to an indi¬ 
vidual's total life history. Multiple causes 
range from genotype and developmental his¬ 
tory to such risk factors as smoking, diet, 
physical activity, and work and living envi¬ 
ronment. The important question is: Whar 
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figure 4. Six Cities study: differences in FEV, between cities are not due to differences in PM !5 FEV, forced 
expiratory volume in ! sec. The change in FEV, was estimated from Xu et af. |35). 


major factors affect mortality, a rut what is 
their relative importance? 

f or example, Spongier ct ai. ( 14) used 
stepwise regression models and /if to assess 
the relative importance of ambienr PM, 
indoor I’M. and time-activity patterns in 
predicting personal exposure. Dockery ct al. 
(.1) separated the data according to smoking 
Status, sex. and occupational exposure and 
then evaluated the efFect of these covariatcs 
on the adjusred risk ratio for PM,,,. 
However, risk ratios were used insread of the 
more informative P values. T hese efforts are 
a step in the direction of a more global assess¬ 
ment of important determinants of mortality. 

It is not clear whether all possible combi* 
nations were evaluated, and in the Six Cities 
study not all risk (actors (such as FEV,) were 
included in the analyses. It is also not clear 
why ambient PM is noninformacivc regard¬ 
ing personal exposure, but is a significant 
variable associated with mortality in the Six 
Cities study. A more appropriate and infor¬ 
mative approach is needed to achieve greater 
understanding of the importance of these risk 
factors. Use of an approach such as regression 
trees would be an improvement because ic 
allows possible combinations to be identified 
in a model-free, tiered approach so the pre¬ 
dictive power of all variables can be evaluated. 

Given the very weak association with 
I’M and lack of adjustment for important 
eon founders, the true E-R relationship 
between PM, , and mortality cannot be 


determined in the Six Cities and ACS 
cohort studies. 

Coherence 

Do the data conflict with generally known 
faers of the disease? Are other health effects 
observed? Arc the ecologic risk estimates 
coherent and consistent with individual- 
level risk esrimates? 

Two approaches arc taken in addressing 
coherence. The first and most important is 
to assess coherence of individual-level lung 
function data, comparing the known effects 
of tobacco Smoke exposure to the predicted 
effects of PM, v The second approach is two 
sided. On the one hand. I argue that coher¬ 
ence cannot be assessed using other ecologi¬ 
cal study designs, either time-series or 
cohort. But. if one thinks ecologic Study 
results can be used to support other ecologi¬ 
cal study results, then the SDA cohort is the 
appropriate study because both morcaiity 
and morbidity data are available. 

Argpiing Coherence Using 
Individual-level Studies: Tobacco 
Analogy 

Several examples follow of how the Six Cities 
study conclusions on mortality are not 
coherent with other knowledge, even with 
individual-level morbidity data on lung func¬ 
tion from the Six Cities study population. 

An appropriate place co evaluate coher¬ 
ence is to evaluate changes in morbidity 


within the cohorts. Again the tobacco analo¬ 
gy is useful, this time for assessing the effects 
of tobacco smoke on changes in lung func¬ 
tion. Xu et al. (35) examined the lung func¬ 
tion of Six Cities cohort members on three 
occasions over a 6-year follow-up period. 
Loss of pulmonary function (FEV, and 
forced vital capacity (FVC)i depended “lin¬ 
early on rhe number of cigarettes smoked 
each day." Adjusted reduction in FEV, and 
FVC in men and women smoking 30 ciga- 
rettes/day ranged from 4.1 mi/year to 12.6 
ml/year. For 5 cigarettes/day {or about 
4,000 jjg/m-Vday exposure), the estimated 
yearly change would be negligible (<1 ml). 
The possible lack of a smoking effect among 
lighter smokers is also supported by the sim¬ 
ilarity in age-adjusted average rate of change 
in FEV, between nonsmokers and less than 
15 cigarettes/day smokers (see Fig. 4), 

While these results may not be conclu¬ 
sive for lifetime exposures because of short 
follow-up, relatively high dropout rate, small 
numbers, and variability in the data, the 
results suggest that PM,, in ambient air is 
unlikely to produce larger reductions in 
FEV, rhan those experienced by a light 
smoker exposed to about 6,000 fig/nr' 
tobacco smoke during the period of this 
study. These data also suggest that the differ¬ 
ences in FEV, between cities are not due to 
the small differences in ambient PM, 5 . The 
lack of an apparent effect on FEV, rot light 
smokers is not coherent wirh an increase in 
mortality associated with much smaller expo¬ 
sures to PM^, air pollution. 

Lifetime smoking data indicate a linear 
relationship berween cumulative cigarette 

smoking measured as pack-years and irre¬ 
versible loss of FEV, and FVC in the Six 
Cities study US). The irreversible effect of 
cumulative pack-years on height-adjusted 
FEV, is 7.4 ml/pack-year (-0.0004 ml/pg/ 
trr 1 cigarette smoke), plus an additional 
reversible deficit of 123 ml for a total of 308 
ml over 25 years for a pack/day snyiker. For 
a 25 pack-year woman smoker, the estimated 
efFect of cumulative smoking is 110 ml plus 
a reversible deficit of 107 ml, for a total of 
217 ml. This is about 9% of mean height- 
adjusted FEV, at 50 years of age. If ambient 
PM,, air pollution is as toxic as cigarette 
smoke (and nonsmokers have a similar 
response as smokers), an 18.6 (jg/m f expo¬ 
sure for 25 years would result in irreversible 
loss ofabouc 0.208 ml and a reversible deficit 
of about 0.139 ml, or a total of 0.347 ml. 
The equivalent losses for women arc 0.124 
ml, 0.121 ml reversible, or 0.245 ml total. 

These estimated losses in FEV, from 25 
years exposure to an annual average of 18.6 
pg/m-* are much less than 1% of height- 
adjusted FEV, and are too small to measure 
with reliability. These results are not coherent 
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with the group-level estimates of morality, as 
one would expect a larger effect on morbidity 
than mortality. 

Gori and Mantel (.39) suggested the 
threshold at which significantly increased 
risks of lung cancer, coronary heart disease, 
and respiratory disease mortality can be 
detected are about four to five cigarettes per 
day. This is an average exposure of about 
3,300-4,200 pg/m^ for a 15-mg rar ciga¬ 
rette, or 150-210 times greater than rhe dif¬ 
ference between high and low polluted cities. 
These individual-level estimates of risk from 
cigarette smoke are also not coherent with 
the group-level estimates of risk from PM 2 5 . 

Arguing Coherence Using 
Time-Series Studies 

Pope er al. (4) scare that time-series scudies 
show that particular air pollution is associ¬ 
ated with declines in lung function, 
increased respiratory symptoms, respiratory 
hospitalizations, restricted activity due to 
■respiratory illness, and increased mortality, 
especially respiratory and cardiovascular 
mortality. They suggest this “coherent cas¬ 
cade of cardiopulmonary health effects" 
enhances biological plausibility of the 
cohort mortality studies. 

Use of [ime—series studies to support the 
coherence criterion is not appropriate. The 
questions addressed by time-series and 
prospective studies are different. Time-series 
studies atrempr to answer whether individu¬ 
als already sick with preexisring cardiorespi¬ 
ratory illness die because of episodes of 
short-term elevations in air pollution. 
Prospective cohort studies address the ques- 
cion of whether long-term exposure of pri¬ 
marily healthy individuals increases che risk 
of total and cardiopulmonary mortality. 
Dockery er al. (3) concluded that “because 
the dally time-series studies evaluated only 
the effect of short-term changes in pollution 
levels, whereas our study [Six Cities] evalu¬ 
ated associations with long-term exposure..., 
quantitative comparisons with these investi¬ 
gations arc difficult to make." 

Arguing Coherence Using Ocher 

Group-level Studies 

it is a circular argument to use other eco¬ 
logical studies to test or validate either the 
consistency or coherence criteria. Ecologic 
studies are subject to similar biases and, in 
general, lack the rigor to test the hypothe¬ 
sis. If one does not accept this reasoning 
and uses ecological studies to assess the 
coherence criterion, the 5DA cohort study 
and lung function data on children in the 
Six Cities study are the logical places to 
address the question of whether both mor¬ 
tality and morbidity are associated with 
PM in the same cohort. 


Table 4. Symptom changes in the Seventh Day Adventist study, 1977-1987 



RR 

New cases 

Persistent 

M 

Reversal 

(4 

Percent reversal 

AOD 

p<0.Q5 

330 

317 

183 

34% 

Asthma 

Chronic bronchitis 

p> 0.05 

87 

126 

130 

51% 

Cough type 

pcC.05 

180 

125 

107 

46% 

Sputum type 

p<0.05 

281 

157 

139 

47% 


Abbreviations: RR, risk ratio: AQD, airway obstructive disease. 


Seventh Day Adventist cohort . The 
SDA cohort contained no smokers (only 
nonsmokers and ex-smokers and included 
respiratory symptom data as well as mortal¬ 
ity information over a 10-ycar period. The 
bulk of the study participants were in three 
areas in California (Los Angeles, San 
Diego, and San Francisco) (5,6). Exposure 
estimates included length of residence and 
more chan one area monitor per person, 
and accounted for time spent at place of 
residence and job, as well asenvironmcntal 
tobacco smoke exposure. In a series of 
reports on the SDA cohort, a wide range of 
air pollucancs besides PM were also 
assessed, in che SDA cohort, exposure is 
closer to individual-level exposure chan in 
either the Six Cities or ACS cohorts. 

in the SDA cohort, the RR for mortality 
associated with PM, 0 was not significant 
and was said to be around !.0 (<5). The RR 
for mortality associated with PM, 5 (based 

on visibility) was “close to, or less chan, one" 
{6- The relative risk of developing new cases 
of airway obstructive disease (AOD). chron¬ 
ic bronchitis, and chronic productive cough 
were significantly associated with PM ]0 (RR 
= 1.17). The association was not significant 
for asthma or cough (5). 

The lack of an association for mortality 
is not consistent with the Six Cities and 
ACS cohorts. The presence of an associa¬ 
tion for morbidity, but not mortality, does 
not provide a coherent argument for mor¬ 
tality. However, morbidity is the more sen¬ 
sitive indicator of an effect, which is consis¬ 
tent with the coherence criterion (40). 

Even the association with symptoms is 
problematic. Logistic regression results 
were provided for new cases of AOD. 
chronic bronchitis, and asthma. However, 
reversal of these symptoms also occurred, as 
34% to 51% of the symptoms went away 
between 1977 and 1987 (Table 4). 

If PM is also associated with reversal of 
symptoms, a causal association is unlikely 
because it is hard to imagine that PM !0 air 
pollution could be causally associated with 
both new symptoms and reversal of symp¬ 
toms. Separate analyses to account for 
reversibility of symptoms should analyze the 
correlation of 1977—1987 PM 10 concentra¬ 
tion with new cases and with symptom 


reversals to sec if there is a positive associa¬ 
tion with the former and a negative associa¬ 
tion with reversals. These results arc not 
reported. 

Finally, the PM 10 group-level risk esti¬ 
mates for AOD and chronic bronchitis are 
over 40 times greater than the estimates 
based on individual-level smoking data from 
the same cohort (sec Appendix 2). Thus, the 
group-level PM| 0 risk estimates for symp¬ 
toms in this cohort appear to be high. 

Six Cities cohort. Several studies have 
assessed the respiratory health of children in 
the Six Cities study (41,42). Both evaluated 
the same cohort of preadolescenc school 
children, but PM 2 ^ measurements are avail¬ 
able only for the later study (42), which was 
analyzed as a cross-sectional study and used 
12 months of PM, 5 data as the exposure 
variable (annual mean). Relative odds were 
calculated comparing the most polluted 
(Steubenville) and least polluted (Topeka) 
dries after adjustment for sex. age, maternal 
smoking, and use of a gas stove. There were 
no significant associations of respiratory 
symptoms or lung function with PM 2 5 
(except hay fever, which showed a negative 
relationship). RR estimates were elevated 
about twofold for bronchitis, chronic cough, 
and chest illness. The widest 95% confi¬ 
dence interval (Cl) and highest RR was for 
chronic cough (RR « 2.3; Cl = 0.4, 13.2). 
There was “no evidence for an effect" of pol¬ 
lution exposure on any measure of lung 
function, even in children with persistent 
wheeze, despite use of potentially more sen¬ 
sitive measures of small airways response 
than FEVj and FVC (42). Children general¬ 
ly spend more time outdoors than adults 
and have a greater specific ventilation (liters 
per kilogram body mass). 

The adjustments for potential con- 
founders may not be adequate. For exam¬ 
ple, the RRs were not adjusted for season, 
although the RR for bronchitis associated 

with PM t5 was reduced from 2.52 to 1,97 
when such an adjustment was made. Also, 
Dockery et al. (42) suggested that effects of 
acute exposure occurring before examina¬ 
tion may have masked any chronic effects. 
The cross-sectional study design may not 
provide sufficient power to detccc signifi¬ 
cant differences. 
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Figure 5. Percent mortality in lifetime exposure of rats to diesel exhaust Abbreviations: M, male; F, female. 
The dashed line indicates controls. 
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Summary 

The coherence and consistency criteria 
were not met using either individual-level 
or ecological-lcvcl data. The individual- 
level dara suggested a possible threshold 
effect at or below about five cigarettes per 
day On lung function {from Six Cities 
data), as well as coronary heart disease and 
respiratory disease mortality (39). The 
PM^ 5 concentration difference between 
high and low polluted ciries was more rhan 

two orders of magnitude below the thresh¬ 
old, and any effect of the long-term expo¬ 
sure to these concentrations on lung func¬ 
tion was undetectable. 

Using group-level data from the SDA 
cohort, the coherence criterion was not met 
because 1 ) there was no PM 2 ^/mortality 
association; 2) che PM ^/symptom associa¬ 
tions showed an implausibly high strength 
of association; and 3) che long-term biolog¬ 
ical significance of the symptoms was 
unclear, given the high frequency of symp¬ 
tom reversal and the lack of any analysis 
showing no association between PM, 5 and 
symptom reversal. 

Biological Plausibility 

Arc che results biologically plausible and do 
they agree with current understanding of 
how organisms respond co low concentra¬ 
tions of pm; 

Plausibility is not a required criterion to 
demonstrate causality. However, if ecologic 


study designs are being used to both gener¬ 
ate and test che hypochesis as well as for 
risk assessment, then biological plausibility 
takes on added importance. An increased 
level of proof is required because ecologic 
studies are subject to the ecologic fallacy, 
and the smoking analogy indicates large 
overestimates of risk. 

There appears to be general agreement 
that no plausible mechanism is presently 
available to explain the associations 
between chronic exposure to PM, 5 air pol¬ 
lution and increased mortality. Pope et al. 
(4) indicated that additional research is 
needed to “help a toxicologic framework 
for interpreting these [ACS] findings.” 

The hypothesis predicts chat long-term 
exposure to fine particulate should increase 
mortality. There are experimental data of 
lifetime exposure of animals to fine particu¬ 
late matter showing no increased mortality 
even though exposures arc so high as to pro¬ 
duce lung oyerload {submicron diesel partic¬ 
ulate was used as the fine particulate). 
Exposure was adjusted to reflect average 
168 -hr weekly exposures, which is analogous 
to an annual average. Despite average con¬ 
centrations of diesel exhaust particulate up 
to 100 times higher than the most polluted 
city in the Six Cities study, mortality was 
not increased (43) (see Appendix 3 and Fig. 
5. which summarize these resulrs). These 
concentrations are so high that overloading 
occurred, causing reduced clearance, 


increased retention of particulate matter, 
and increased lung burden. 

Gr<sen and Watson ( 44) reviewed exist¬ 
ing data regarding issues critical in evaluating 
the toxic effects of small PM (primarily diesel 
exhaust) at ambient levels. I have summa¬ 
rized their major points as they relate to the 
biological plausibility of PM 2 ^ air pollution. 
Retention of PM in rbe lung increases in the 
working environment as milligram per cubic 
meter PM concentrations increase (as in 
pneumoconiosis), bung overload occurs 
when the deposition of PM over extended 
periods of time overwhelms lung clearance 
and occurs only at higher exposures. Because 
the relationship of exposure and rerention 
may nor be linear, the lung burdens at low 
exposure concentrations arc less than would 
be predicted based on linear extrapolation 
from high PM exposures. Models based on 
experimental data predict that lung clearance 
declines as continuous exposure (24 hr/day, 
7 days/wcek for 1-10 years) increases from 
IOO pg/m 3 to 1,000 pg/m 3 . Under continu¬ 
ous exposure conditions, the models predict 
no reductions in alveolar clearance of diesel 
particulate in adults or children below daily 
concentrations of 50 pg/m 3 . The models 
predict chat if exposure is intermittent, clear¬ 
ance overload would not occur at concentra¬ 
tions below 1,000 pg/m 3 . 

Human exposure is likely co be inter¬ 
mittent, and concentrations of PM, 5 above 
even 50 pg/m 3 are unlikely to occur. The 
95th percentile daily concentration in the 
Six City study was 43 pg/m 3 (45). Thus, 
impaired clearance and increased lung bur¬ 
den due co PM, ^-induced overload arc 
unlikely to occur. 

Pritchard (4(3) suggested that overload 
also occurs in humans when human expo¬ 
sures are such that lung burdens approach 
those seen in animal experiments. It has 
been estimated that smokers of 25 middle- 

tar cigarettes (18 mg) per day with some¬ 
what reduced clearance rates wo did achieve 
a lung burden such chat tar clearance and 

deposition would be in equilibrium (46). 

By this estimate, overload in a heavy smok¬ 
er would occur with exposure to daily con¬ 
centrations of about 25,000 pg/m 3 main¬ 
stream tobacco smoke. 

In sum, there is evidence that chronic 
exposure concentrations of PM, ^ several 
orders of magnitude higher than ambient 
air concentrations may have lictle effect on 
mortality in experimental studies of 
rodents. Survival is similar at low exposure 
levels and under conditions of lung over¬ 
load when compared co control exposures. 
Thus, there appears to be a no-effects 
threshold. There is little support for the 
plausibility of lifetime PM 2 5 exposures in 
microgram per cubic meter concentrations 
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causing increased mortality in humans 
based on experimental exposure in rodents. 


Risk Assessment 

Hcrcz-Picciocto (47) suggested a classifica¬ 
tion framework for using epidemiological 
studies in quantitative risk assessment and 
in setting air quality standards. These clas¬ 
sifications are briefly summarized in Table 
5, along with comments pertaining to 
whether the PM, S studies meet the sug¬ 
gested requirements. The EI'A (18 endors¬ 
es the use of these criteria in contributing 
to the weight-of-evidenee determination of 
a human health hazard. 

The EPA position on the need for 
individual-lcvclexposurc data is somewhat 
ambiguous. The EPA only has regulatory 
authority over outdoor air and argues thar 
variations in ambient PM are reflected in 
variations in personal PM exposure and 
that ambient PM is “hypothesized to cre¬ 
ate the health effects" (18). Therefore, 
reduction in ambient PM will “help to 
protect the public from adverse health out¬ 
comes associated with personal exposure to 
ambient I’M" [18). Thus, there is no need 
lor F.-R trends based on individual-level 


exposures. 

The opposing side ro this argument is 
discussed primarily in tile section on eco- 
togie study design. The contribution of 
ambient PM to personal I’M is small for a 
majority of the population, and the health 
effects are probably too small to measure in 
individuals or populations. The EPA has 
also presented statements suggesting that 
quantification of individual-level exposure 
may be necessary. Personal exposure is said 
to be “important in itself, because the body 
may react differently to ambient and non¬ 
ambient particles" (19). Personal PM may 
act as a confounder in ecological studies, 
and personal PM is a “critical parame¬ 
ter...[when] health outcomes are being 
cracked individually" (19). 

As shown in Table 5, none of the Herrz- 


Picciocto criteria for quantification of risk 
and setting air quality standards using epi¬ 
demiology studies are met. 

The first and fifth criteria are the 
strength of association and biological gradi¬ 
ent causal criteria outlined by Hill (fi). 
These were discussed above where it was 

suggested that the group-level strength of 
association was exaggerated and the biolog¬ 
ical gradient (E-R) could not be deter¬ 
mined because of uncontrolled confound¬ 
ing and inadequate estimate of exposure. 
The third criterion is not met because it is 


likely that various factors may be con¬ 
founding the associations reported in the 
Six Cities and ACS studies. Physical inac¬ 
tivity and FEV, were identified as two 


Table 5. Criteria for using epidemiology studies in quantitative risk assessment 


Criteria* Requirement' Does prospective cohort design meet the criteria? 



Unlikely: Strength ol association in prospective cohort studies 
is weak, and risk is an overestimate as determined by validity 
check with individual-level data from smokars. In the SDA 
study, there is no association with PM. 

No: Exposure misclassifieation bias is very likely and 
ecological fallacy probable. Ecological study design is 
inappropriate for testing hypothesis or evaluating E-R and 
requires individual-level design to assess consistency of 
results. Risk estimates are overestimates in Six Cities and 
ACS studies as determined by comparison of individual-level 
data from smoking data. 

No: There are substantial differences between cities in risk 
factors that are not adjusted for in the analysis (e.g., physical 
activity, diet, blood pressure. SESI. These differences could by 
themselves explain the difference between high and low 
polluted cities. 

No: Exposure is based on single number for all inhabitants 
of the study area and is thus a group-level measure and not 
linked to any individual. The prospective cohort mortality 
studies need a cumulative exposure estimate that includes 
both concentration and time. The estimates used have no time 
variable, only average concentration, which has changed 
over time. Ambient PM„ is for many individuals only a small 
proportion of total PM„ exposure and may therefore wash out 
possible effects of ambient PM iv 

Can't tell: E-R relationship cannot be determined because 
exposure is misclassified and confounding is present 


Abbreviations: SDA, Seventh Day Adventists; PM, particulate matter, E-R, exposure-response; ACS, American Cancer 
Society; SES. socioeconomic slatus. 

'Critena end requirement from Heru-Picciono 147 ). 

examples of confounder*. Issues of con¬ 
founding and other biases increase in 
importance when an association is weak, as 
it is for PM air pollution. The fourth crite¬ 
rion is that individual-level exposure data 
are necessary to avoid the possibility of 
exposure misclassifieation bias and the eco¬ 
logical fallacy. There are no individual-level 
exposure data to determine whether per¬ 
sons with increased mortality also have 
increased PM, , exposure. Because group- 
level exposure cannot be linked quantita¬ 
tively with individuals and is often only a 
small proportion of total exposure, the 
fourth criterion is not met. Not only are 
none of the criteria met. the risk estimates 
for ambient PM, ^ appear ro be biased 
upward. 

Summary and Conclusion 

Several aspects of the prospective cohort 
studies of PM, 5 air pollution (3.4) render 
them susceptible to error in estimating 
individual risk and suggest that [be associa¬ 
tions mav be statistical and not causal. 

Group-level exposures make these 
prospective cohort studies susceptible to error 
in estimating individual risk. Ambient expo¬ 
sure is poorly correlated with personal expo¬ 
sure. Differences between individuals in the 


same city are larger than individual differ¬ 
ences between cities. Long-term changes in 
air pollution levels are nor reflected in group- 
level exposure estimates. Exposure to main¬ 
stream and possibly sidestream cigarette 
smoke probably masks put any potential to 
mealStire exposure effects to ambient PM,y 
Ambient concentrations do not reflect per¬ 
sonal exposure on a day-to-day or year-co- 
vear basis, do not reflect long-term or life¬ 
time exposure, and are often only a small 
portion of total personal PM, s exposure. 
Ambient concentrations were measured too 
close to time of death to be causally linked to 
chronic mortality. Thus, the temporality cri¬ 
terion. the one criterion that must be met to 
establish causality, is not met. 

The I’M, • RRs for cotal and cardiopul¬ 
monary mortality are orders of magnitude too 
high when tested using the tobacco analogy. 
That is. group-level data from the Six Cities 
and ACS cohorts suggest that PM, , is 
35-1,000 times more toxic chan smoke from a 
low-tar cigarette on a weigh c/volume basis. 
This is a conservative estimate, as most smok¬ 
ers smoke cigarettes with more tar, and low- 
tar cigarettes have been available only recently 
in the life span of study subjects. 

Even if PM,. were as toxic as cigarette 
smoke PM, the prospective study design could 


Moderate to strong positive Necessary 
association present 


Strong biases ruled outer 
unlikely; includes 
consideration of study 
design, validity of measure 
of exposure, ant) outcome 


Necessary 


Confounding controlled or 
likely to be limited 


Necessary 


Quantilicahon of exposure 
linked to individuals 


Necessary 


Monotonic 
E-R relationship 


Not necessary, 
but adds 
certainty to 

risk estimates 
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Table 6. Summary of weight of evidence regarding a causal association 

Criteria 

Effects On causal hypothesis 

Chance 

Confounding 

Bias 

Strength of association 
Exposure-R esponse 
Consistency 

Coherence 

Analogy 

Biological plausibility 
Temporality 

Supports because statistical significance is achieved 

Detracts due to inadequate adjustmentfer potential confounders 

Detracts, with misclassification of exposure as best known bias 

Detracts because association is weak due, in part to very low exposure (risk = exposure x toxicity) 

Detracts because trends are not plausible based on comparison with individual-level smoking data 

Detracts because results are contrary to individual-level studies of smokers 

Detracts because morbidity (pulmonary function test) should show stronger association than mortality 

Detracts, as risk is overestimated compared to tobacco combustion products 

Detracts because there is no increased mortality of animals exposed for lifetime to high concentrations of combustion products 
Eliminates possibility of causal associations because estimates of exposure either do not precede disease or do not provide 
adequate latency 



not detect a measurable difference because of 

the relatively small concentration differences 
between high and low polluted cities. 

Confounding frurn variations in risk fac¬ 
tors between cities requires adjustments thar 
have not been made. At least two confounders 


(physical inactivity and FEVj) have been iden¬ 
tified cb.it appear to bias the PM , ^ risk esti¬ 
mates away from the null. Analysis of Individ¬ 
ual-level lung function data from the Six Cities 
cohort shows that the effect of ambient PM,, 


is too small to have an independent measurable 

effect on FEVj, Thus, the observed association 
of PM,, and mortality may be in large part 
explained by unadjusted confounding. 

The biases inherent in group-level esti¬ 
mates of exposure (exposure misclassificarion 
bias) and the unadjusted confounding pro¬ 


vide both theoretical and demonstrated rea¬ 
sons for questioning the validity of the E-R 
trend. The tobacco analogy demonstrations 
of gross overestimates of the RRs arc examples 
of rhe ccologic fallacy. 

The coherence criterion is not met because 
the afnbientTMj , concentrations are too low 
to produce a measurable effect on lung func¬ 
tion. Changes in lung (unction are considered 
to be more sensitive indicators of adverse effects 
than death. Thus, because the small differences 
in PM,, between high and low polluted cities 
do not produce measurable differences in lung 
function, it is unlikely that they would produce 
measurable differences in morality. 

The plausibiiirv criterion is not met 
because rodents exposed for a lifectmc to high 
concentrations of a mixture containing fine 


PM often show no reduction in life span, 
even though overloading results in reduced 
clearance. Overloading and lung burden in 
humans are improbable events at low micro- 
gram per cubic meter concentrations in ambi¬ 
ent air. 

In sum, the prospective cohort studies 
investigating the association of mortality and 
chronic exposure to PM 2 , do not demonstrate 
a causal association with increased mortality. 
Risk estimates from these studies are exaggerat¬ 
ed, and these investigations do not meet the 
criteria for a quantitative risk assessment. 

The weight of the evidence is not sufficient 
to support the hypothesis of a causal associa¬ 
tion fTable 6). 


Appendix 1 

Methodology and sample calculations for comparing PM, 5 risk estimates based on group-level exposure and indi¬ 
vidual-level cigarette smoke exposure From the Six Cities (Si and ACS (4) cohorts 

Both the Six Cities and ACS studies show significant associations between average PM 2 , concentrations and mortality after adjustment 
for individual risk factors using Cox proporrion.il hazards regression models. The risk ratios (RR) from the regression model is calculated 
as follows: 


RR = exp ([3 X exposure) (1) 


The RR for total mortality in the ACS cohort is 1.17, and the difference between high and low polluted areas is 24.5*[ig/m 3 . 
Substirucing in Equation I and solving for the regression coefficient P gives a value of 0,0064 for p in the ACS cohort., 

Boch the Six Cities and ACS cohort studies evaluated individual-level risk for a 25 pack-year smoker (based on 20 cigarettes/day for 
25 years in the ACS study). A pack per day smoker smoking low-car cigarettes (0.5 mg car) is exposed to a daily annual average of about 
556 pg/m } (0.5 mg/cigaretre x 20 cigarettes/day * 18 m 3 air breathed/day). Substituting (3 = 0.0064 and exposure - 556 pg/m 3 in equa¬ 
tion 1 gives a RR of 35.1, which is the RR for a low-tar smoker based on the group-level PM, 5 coefficient. 

Another procedure is to calculate how many rimes greater the exposure of the cigarette smoker is to A (most polluted city vs. least 
polluted city) and raise the RR to that power. That is, RR for A = 1.17. Exposure of smoker/A = (556 pg/m 3 )/(24.5 pg/m 3 ) = 22.7. This 
is how many times higher exposure a pack/dav smoker of low-tar cigarettes has than a resident of high polluted areas compared to low 
polluted areas in the ACS cohort. RR for smoker based on group-level RR = 1.17- 2,7 - 35.3 (slight differences are due to rounding differ¬ 
ences in the calculation). 


Table AI -I summarizes the group-level exposures of high versus low polluted cities for Six Cities and ACS cohorts as well as individ¬ 
ual-level exposure for pack/day smokers of low-tar and average-tar cigarettes. RRs of total and cardiopulmonary mortality for current smok¬ 
ers derived from group-level and individual-level data from She Cities and ACS cohorts are summarized in Table Al-2. 

Clearly, the ecological based risks derived from group-level exposures are orders of magnitude higher than the risk estimates derived 
from individual-level exposures. The smallesc difference is when the individual-level risk is 2.07, compared co a RR of 35.3 based on 
PM 2 5 toxicity from group-level data. For the average smoker of a 15-mg car cigarette, the difference is 2.07 versus 32 X 10 35 . It is not 


plausible that PM 2 5 air pollution is that much more toxic chan cigarette smoke. 


Continued next page 
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Appendix 1 (continued) 

A third procedure is to calculate the risk on a per microgram per cubic meter basis, i.e.. In RR/APMjj. This coefficient can be used 
for any or all of the following demonstrations: 

Assume an 18.6 pg/m 3 PM 2 5 group-level difference in exposure and RR of 1,26 for total mortality in the Six Cities cohort. Individual- 
level exposure for an average 20 cigareltes/day smoker of 15-mg tar cigarettes is about 16,700 pg/m 3 . 

Group-level estimate of total mortality for 1 pg/m 3 PMj 5 - e (In 1.26/18.6 pg/m 3 ) » 1.01 per pg/m 3 .^ 

Estimate of risk of total mortality for 1 pg/m 3 PM 2 5 based on individual-level risk estimates for an average smoker = c (In 2.00/16,700 
pg/m 3 *> 1.00004 per pg/m 3 ), 

Compararive toxicity of PM 2 ^ to tobacco smoke PM - (In 1.26/18.6 pg/m 3 ) + (In 2.0/16,200 pg/m 3 ) = 299. 


This method of calculation is also displayed in Table 2 in the text. 


Table A1-2. Comparison of risks of total and cardiopulmonary mortality risks of smokers derived from 
individual-level and group-level data 






Increase tn risk for current sm< 

jker 

i aoie Ai-i. Annual exposure 10 nvi is air pollution 

Imnet up Imct nnllntnd nikul (mm Oft eitii 


Group-level analysis 

Individual-level analysis 
(25 pack-year smoker! 

ixiudi * J. ica-it punutgu nuu ov 

rettes/day 

SJII IV uiy n- 

Study RR* 

(0.5 mg x 20 cig/dayl (!5mgx 20 cig/day) 

PM 2S source PM 25 (pg/tn 3 ) 

Total mortality 

Six Cities 1.26 

1,000 

35,3 

tality 

12.203 

459 

1.4 x to 90 

2.00 (1.51-2.651 
2.07(1.75-2.43) 

2.30(1.56-3.41) 

228 (1.79-2.91) 

Six Cities study (Staubenville/Portage) 
ACS study 

Smoker 

Low-tar ciga ratta (0.5 mg) 

Cigarette (15 mg tar) 

18.6 

24.5 

S56 

ACS 1.17 

Cardiopulmonary mor 
Six Cities 1.37 

ACS 1.31 

32 x 1 G <5 

(out of range of calculator) 
95 x 1Q Ja 

16,700 

Ahhrpviafinne' rin rifia r«TT« ADR Amoriran (lanpur Snr'inht 


ACS. American Cancar Society. 


*R«I«iv* fprt of high v«rsu$ low polluted cities. 
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Methodology and sample calculations For comparing PM 10 risk estimates for respiratory symptoms among ex-smokers 
' based on group-level exposure to PM 10 and individual-level cigarette smoke exposure from the SDA cohort (5) 


Abbey ct al. (5) estimated risk of respiratory symptoms [airway obstructive disease (AOD), chronic bronchitis, and asthma] with ambient 
PM| 0 . Relative risk (RR) associated with 1,000 hr/year (42 days) exposure to PM 10 was 1.17 for AOD and 1.21 for cough. RR estimates 
using mean exposure to PM.g were also provided and will be used in che comparisons. 

Logistic regression coefficients for both symptom categories were not significant for mean concentrations above 40, 50, and 60 
pg/m 3 , but AOD was significant for a mean annual ambient concentration of 70 pg/m 3 . The RRs were based on PM ]0 concentrations 
lor the years 1973—1977. Health outcomes were new cases occurring during the years 1977—1987. 

All cohort members were either nonsmokers or ex-smokers. Ex-smokers had to have stopped smoking sometime before 1977. Data 
on intensity of smoking were not provided; however, a regression coefficient for years of smoking was provided. The average number of 
years smoked was about 15 years. However, because PM , 0 exposure was based on the annual average between 1973-1977, only 4 years 
of smoking will be used in the following examples. 

A sample calculation for AOD is as follows: _____ 

Table A2-1, Individual-leva! estimate of risk of smoking compared to group-level 
estimate of PM I0 in cohort study of Sevent h Day Adventists 15) 

Ex-smoker smoking 
Individual-level 20 cigarette s/d ay* 

Variable _ 83 forex-smoker Low tar [0.5 mg) Average tar 115 mg| 

Exposure (4 years) 556 pg/m 3 16,566 pg/m 3 

New cases 1977-1987 

AOD' 1.09 46.1* 7.6 xlO 45 * 

' Chronic bronchitis 1.12 46.1* 7.6 xlfl 434 


Abbreviations: RR. risk ratio; cig. cigarettes; ADD, airway obstructive disease. These RRs are the 
sama order of magnitude as those derived lor smokers' risk and PM ls from the Six Cities and 
American Cancer Society cohorts. 


RR - exp (|3 X exposure). 

Group-level RR of AOD (snd chronic bronchitis) associat¬ 
ed with annual average of 70 pg/m 3 = 1.62. 

P = 1 n 1.62/70 pg/m 3 » 0.00689. 

Individual-level RR of AOD for ex-smoker associated with 
smoking 4 years = exp (p X 4 yrs) = 1.09. where P = 0.021522. 

Exposure of ex-smoker: 20 cigarettes/day (low-tar cigarette) 
= 556 pg/m 3 . 

Exposure of ex-smoker: 20 cigarettes/day (15 mg tar ciga¬ 
rette) = 16,666 pg/m 3 . 


Risk of AOD for ex-smoker derived from group-level PM , 0 
risk estimate: 

Low-tar cigarette * exp (P X exposure) = exp (0.00689 x 
556) = 46.1. 

k .verage cigarette » exp (0.00689 x 16,666) - 7 X 10 45 . 


symptom* gf AOD >1 had ont or man al the following: I) dtffimt* chrQA'C tjroncfirti* symptoms (cough 
and/or sputum on most days tor al toast 3 months/yaar for Z years or mora, 2) definite asthma (diagnosed by 
physician, history of wheezing}; 3} emphysema (diagnosed by physician, shortness of breath when walking or 
exercising) 

•Group-level PM J( RR. 


"The comparison for che rwo symptom categories are summarized in Table A2-1. 
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Appendix 3 

Summary of experimental studies of long-term exposure of animals to combustion source fine particulate 

BiHiHi 

Species/protocol 

Exposure group'(mg/m 3 ) 

Survival (%| 



Comments 

Ishinistv et al. 

m 

Fisher 344/Jcl rats; IB hr/day, 

6 days/week, 30 months; 
a.1,0.4.1,2 mg/m 3 LD 
and 0.4,1,2, 4 mg/m 3 HD DE 

Dontrol 

LD diesel 

0.06 

0.23 

0.57 

1.14 

HD diesel 

0.23 

0.57 

1.14 

2.3 

27/31 * 

39/3/“ 

41/34* 

41/41 * 

42/32* 

30/34* 

38/32* 

36/39* 

28/37* 



Longer survival in exposed 
than control animals 

Lewis et al. 

US) 

F-344 rats, monkeys |M); 

7 hr/day, 3 days/week, 24 months; 

2 mg/m 3 coal dust, 2 mg/m 3 OE, 

1.1 mg/m 3 coal dust + DE 

Control 

Coal dust 10.042! 

DE (0.42) 

DE + coal dust (0.42) 




No difference in survival 

Mauderly et al. 

150) 

F-344 rats; 7 hr/day, 5 days/week, 

30 months; 0.35, 3.5, and. 

7.1 mg/m 3 DE 

Control 

0.07 

0.73 

1.5 

60* 

62.8* 

64.4* 

59.6* 



No significant difference 
in BW, survival: no overt 
signs of toxicity 

Heinrich et ai. 

(51) 

Golden hamsters, NMHI mice, 

Wistar rats; 19 hr/day, 

5 days/week. 4.24 mg/m 3 

120 weeks (hamsters, mice) and 

140 weeks (rats) 

Control 

DE without PM 

2.4 mg/m 3 

Hamsters 

(M/F| 

25/2 

33/0 

27/8 

Mica 

(F) 

22 

37 

5 

Rats 

(FJ 

46 

42 

40 

Clearance compromised in 
rats; wet-tail disease 
mortality in hamsters 

Mauderly etal. 

(53 

F-344 rats (M and F); 

7 hr/day. 5 days/week, 30 months; 
0.35, 3.5, and 7.1 mg/m 3 DE 

Control 

0.07 

0.7 

1.5 

44,7* 

51.2 C 

49,8* 

54.3* 



No significant differences 
in BW or survival 

Mauderly et al. 

(53) 

CD-I mice; 7 hr/day, 5 days/week. 

30 months; 0.35, 3.5, and 

7,1 mg/m 3 0E 

Control 

0.07 

0.7 

1.5 

Median days 
M/F 

550/620 

490/650 

450/600 

561/630 

All 

600 

580 

540 

570 


Percent survival not 
reportad 

Heinrich et al. 

(54) 

Wistar rats, 18 hr/day, 

5 days/week, 24 months 
exposure, 6 months no exposure; 

0.8,2.5, and 7 mg/m 3 DE 

Control 

0.43 

1.34 

3.75 

15* 

14* 

11* 

18* 




Nikula at al. 

155) 

F-344 rats; IB hr/day, 

5 days/week,24 months; 

2.5 mg/m 3 DE, 5.5 mg/m 3 
carbon black 

Control 

DE 

1.19 

3.1 

Carbon black 

1.19 

3.0 

13.8/35.6* 

T4.4/30.9* 

5.8/26.7* 

4.3/40.4* 

0.7/25.9* 



fr 

Mauderly et al. 

(56! 

ty 

F-344/Crl normal and (eiastase- 
induced) emphysematous rats; 

7 hr/day, 5 days/week, 24 months 

Control 

0.73 (normall 

3.5 femphysematous) 




No significant effect of DE 
on mortality, BW, or morbid- 
of normal or emphysema¬ 
tous rats 

Karagianes at al. 

(57) 

Wistar rats; 6 hr/day, 

5 days/week,20 months; 

8,3 mg/m 3 DE, 6.6 and 

14.9 mg/m 3 coal dust, 8.3 and 

5.B mg/m 3 DE t coal dust 

Control 

DE (1.8 mg/m 3 ) 

Diesel + coal dust (1.8 + 1.04 
Coal dust (1.2) 

Coal dust (2.7) 

= 2.4| 



No significant effect 
on mortality or BW 


Abbreviations. LD. light duty; HD. heavy duty; DE. diesel exhaust; M, male; F, female; PM. particulate matter; BW, body weight. 
*Av*rige long-U'm t*po»yre wa$ ciicutaivd far each exposure group as Mows: (hours exposed per weeVJSB hours per week} x concentration (mg/m 3 ). 


^Male/temata 

c Mal# and Umile combined 
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